Mechanisms by which macrophages discriminate between "mature-self" and "senescent-self" were investigated using the human red blood cell (RBC) system as a model. Conditions simulating those encountered in situ were adhered to as closely as possible by using short term culture techniques and incubating with autologous macrophages and immunoglobulins (Ig). It Very little is known about the mechanisms by which macrophages of the reticuloendothelial system recognize and phagocytize effete or senescent cells. Macrophages distinguish between "self" and "non-self," that is, they phagocytize foreign cells while leaving their own alone. Since they also phagocytize senescent self cells, they must be capable of distinguishing between "mature self" and "senescent self." This study was designed to investigate and elucidate the mechanism by which macrophages recognize senescent cells. The human red blood cell (RBC) system was used as a model since macrophages of the RES routinely phagocytize RBC at the end of their 120-day lifespan.
(Y-RBC, 5 i 2% phagocytized; 0-RBC, 33 + 1.5%), or autologous Ig-depleted serum (Y-RBC, 2 + 2.5%; O-RBC, 51 + 17%), or whole serum (Y-RBC, 0%; O-RBC, 43 I 5%). This indicates that (1) the Ig is attached in situ to the old RBC, and (2) that phagocytic recognition is not inhibited by other serum components. Scanning electron microscopy, employing labeled anti-IgG, IgM, and IgA reagents, revealed that Y-RBC had essentially no Ig on their surface, whereas old RBC had IgG on their surface. These findings indicate that IgG attaches in situ to senescent human RBC, making them vulnerable to phagocytosis by macrophages. Very little is known about the mechanisms by which macrophages of the reticuloendothelial system recognize and phagocytize effete or senescent cells. Macrophages distinguish between "self" and "non-self," that is, they phagocytize foreign cells while leaving their own alone. Since they also phagocytize senescent self cells, they must be capable of distinguishing between "mature self" and "senescent self." This study was designed to investigate and elucidate the mechanism by which macrophages recognize senescent cells. The human red blood cell (RBC) system was used as a model since macrophages of the RES routinely phagocytize RBC at the end of their 120-day lifespan.
The few published studies directed toward macrophage recognition of senescent cells limited themselves to RBC aged in vitro. Numerous studies on the phagocyte's surface have attempted to define the receptor(s) which allow them Abbreviations: RBC, red blood cell(s); Y-, 0-, and "O"-RBC, young, old, and "aged" in vitro RBC, respectively; PNH, pooled normal human; SEM, scanning electron microscopy; SV40, simian virus 40; KLH, keyhole limpet hemocyanin; VCN, Vibrio cholerae neuraminidase.
to bind immunoglobulin (Ig) G, IgM, and complement (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . These studies may not be applicable to the present problem because they: (1) employed phagocytes from one species and RBC from another (1-6); (2) coated RBC deliberately with antisera, generally unfractionated and from another species (1, 2, 4-6) although allogeneic antisera have occasionally been employed (3, 7); (3) employed multivalent cation coupling reagents, such as chromic chloride, which can aggregate and couple proteins (in this case Ig) to RBC by nonimmunological methods (7); (4) treated RBC with tannic acid, periodate, polylysine, colloidal silica, glutaraldehyde, formalin, etc. (8, (10) (11) (12) , which are insults not encountered in situ; and/or (5) evaluated phagocytosis by quantitating attachment of macrophages to RBC (5, 7, 9, 10) based on the assumption that phagocytosis then follows attachment which, unfortunately, is not always the case (7) .
The few studies which attempted to investigate the mechanism by which macrophages recognize damaged or senescent RBC had defects in their experimental design in that they employed approaches 4 and 5 cited above (9, 10) , and cells were "aged" by storing them in serum or Hanks' solution for 48 hr at 370 (9) .
In short, these previously reported experiments do not seem to simulate conditions in situ. Therefore, it would be prudent to be cautious in extrapolating from these studies on artificially aged RBC the proposed mechanisms whereby macrophages recognize and remove senescent or damaged cells in situ.
It is known that macrophages have receptors for IgG and that they will phagocytize foreign RBC coated with xenogeneic or allogeneic antisera. This prompted me to hypothesize that Ig in normal human serum attach to the surface of senescent RBC until a critical level is reached, at which time macrophages no longer can recognize these RBC as "self" cells (13) . In this investigation, I adhered as closely as possible to conditions encountered in situ by using short term culture techniques. Accordingly, macrophages were incubated with the individual's own RBC and own serum Ig, rather than specific but foreign anti-RBC reagent.
MATERIALS AND METHODS
Macrophages. Macrophages were isolated on "Lymphoprep" (14) , washed three times in Medium 199, and incubated in glass test tubes (30 ml of Corex) or glass vials for 1 hr at 370 in an atmosphere of humidified air containing 5% CO2. Nonadherent cells were removed by vigorous washing with Medium 199. The final concentration of macrophages was approximately 4 to 5 X 105 per tube. This was determined by subtracting the number of nonadherent cells recovered at the end of incubation from the starting number. Giemsa staining of adherent cells at the end of the phagocytosis experiments showed that greater than 95% were macrophages. One experiment was discarded because polymorphonuclear leukocyte contamination was demonstrated with Giemsa staining.
RBC Aged In Situ. Young (Y-RBC) and old RBC (0-RBC) were separated by their difference in density according to the method of Murphy (15) .
RBC Aged In Vitro. RBC to be "aged" in vitro ("O"-RBC) were drawn immediately into 0.1 M phosphate-buffered saline, pH 7.4, washed three times, resuspended in Medium 199 without serum, and transferred to tissue culture flasks. RBC were stored for 2 weeks at either 40 or 37°.
Human IgA, IgG, and IgM. Purified, pooled normal human (PNH) IgA, IgG, and IgM were-obtained from Tago, Inc., South San Francisco, Calif. Purity was verified by immunoelectrophoresis and double diffusion in agar. Concentrations were adjusted to those of normal serum.
Scanning Electron Microscopy (SEM) Marker Antibody Conjugates. SEM marker conjugates were prepared by the tri-labeling technique described previously (13, 16) . Goat antibody to human IgA was coupled to T2 bacteriophage (Miles Labs), goat anti-human IgG was coupled to simian virus 40 (SV40), and goat anti-human IgM was coupled to keyhole limpet hemocyanin (KLH). Conjugates were incubated with RBC for 30 min at 240 and prepared for SEM as described previously (16, 17 (Fig. 2) the final incubations were performed in medium without serum, or autologous Ig-depleted serum, or whole serum. This indicated that (1) the Ig was attached in situ to the RBC, and (2) that phagocytic recognition was not inhibited by other serum components. SEM of the two populations revealed that Y-RBC were essentially unlabeled (Fig. 5A) , whereas O-RBC were heavily labeled with SV40 antihuman IgG (Fig. SB and insert) recognize "senescent-self" cells. The next obvious question is, "How does IgG recognize senescent cells?" It is known that: (1) approximately 10% of the RBC membrane is comprised of glycoproteins (22); (2) removal of sialic acid from circulating glycoproteins results in their removal (23) (24) (25) ; (3) transient autoimmune hemolytic anemias sometimes follow respiratory infection with viruses such as influenza which contain neuraminidase, and that (4) "autoantibody" is generally formed against molecular precursors of blood groups rather than intact molecules. Therefore, it was hypothesized that autologous IgG recognized determinants exposed by removal of sialic acid, and that sialic acid was lost from RBC membranes as they aged. These results suggest that Y-RBC can be artificially aged by VCN treatment and that IgG binds to groups exposed by removal of sialic acid (presumably carbohydrate moieties).
DISCUSSION
The results presented herein demonstrate both by indirect and direct methods that macrophages can distinguish between "adult self" and "senescent self" RBC on the basis of selective IgG attachment to the surface of senescent RBC. This agrees with and extends the results of Jenkin and Karthigasu (26) and Stuart and Cumming (27) , who suggested that serum factors were required for removal of aged RBC.
The discrepancy between these results and those reporting that serum was not required for phagocytosis of in vitro aged RBC (9) , can be attributed to a difference in experimental design; i.e., the latter measured attachment, not pha-gocytosis, and they limited their observations to a small fraction of the total populations of cells (0.025% of the macrophages and 0.003-0.007% of the RBC).
Although a relatively small number of IgG molecules appears to be involved, it should be remembered that most of the phagocytosis of senescent cells occurs in the sinusoids of the liver and spleen, which are large capacitance systems. Thus, the slow passage of blood through these sinusoids combined with the presence of large numbers of phagocytes with extended dendritic processes provides favorable conditions for macrophages to recognize and phagocytize cells.
It has been reported that normal serum contains a "nonspecific" IgG which competes for the macrophage receptor (3). However, it has been shown that IgG2 which has bound antigen is handled preferentially by macrophages, and that a prior binding of antigen by IgG stabilizes its bond with the macrophage receptor and prevents spontaneous dissociation and competitive displacement by even higher concentrations of IgG2 (1 (29, 30) . Indeed, some investigators have attributed the removal of senescent RBC by macrophages of the reticuloendothelial system to the phenomenon of decreased surface charge (31, 32) . Inherent in this hypothesis is the requirement for "charge receptors" on the surface of macrophages. Not only have previous investigations into macrophage receptors failed to disclose the presence of such receptors, but also it is difficult to envision the nature of such a receptor on a cell. Further, a charge receptor would be a very nonspecific entity, presumably incapable of the fine discrimination required to pick a single senescent cell from among the thousands of young RBC. Other investigators have attributed the removal of senescent RBC to the removal of sialic acid because treatment with neuraminidase decreases electrophoretic mobility and decreases the survival time of RBC when they are injected into an animal's circulation (33) . Although it is possible that macrophages have receptors for terminal carbohydrate moieties, the results presented here indicate that IgG binds to such exposed moieties, and that macrophages recognize bound IgG.
Whether the RBC model is applicable for other terminally differentiated cells aged in situ remains to be investigated.
